The relationship between dioptric power and magnification in progressive addition lenses by Barbero, Sergio & Portilla, Javier
USING e-ANNOTATION TOOLS FOR ELECTRONIC PROOF CORRECTION 
Once you have Acrobat Reader open on your computer, click on the Comment tab at the right of the toolbar: 
 
This will open up a panel down the right side of the document. The majority of 
tools you will use for annotating your proof will be in the Annotations section, 
pictured opposite. We’ve picked out some of these tools below: 
1. Replace (Ins) Tool – for replacing text. 
Strikes a line through text and opens up a text 
box where replacement text can be entered. 
How to use it 
? Highlight a word or sentence. 
? Click on the Replace (Ins) icon in the Annotations 
section. 
? Type the replacement text into the blue box that 
appears. 
2. Strikethrough (Del) Tool – for deleting text. 
Strikes a red line through text that is to be 
deleted. 
How to use it 
? Highlight a word or sentence. 
? Click on the Strikethrough (Del) icon in the 
Annotations section. 
3. Add note to text Tool – for highlighting a section 
to be changed to bold or italic. 
Highlights text in yellow and opens up a text 
box where comments can be entered. 
How to use it 
? Highlight the relevant section of text. 
? Click on the Add note to text icon in the 
Annotations section. 
? Type instruction on what should be changed 
regarding the text into the yellow box that 
appears. 
4. Add sticky note Tool – for making notes at 
specific points in the text. 
Marks a point in the proof where a comment 
needs to be highlighted. 
How to use it 
? Click on the Add sticky note icon in the 
Annotations section. 
? Click at the point in the proof where the comment 
should be inserted. 
? Type the comment into the yellow box that 
appears. 
USING e-ANNOTATION TOOLS FOR ELECTRONIC PROOF CORRECTION 
5. Attach File Tool – for inserting large amounts of 
text or replacement figures. 
Inserts an icon linking to the attached file in the 
appropriate place in the text. 
How to use it 
? Click on the Attach File icon in the Annotations 
section. 
? Click on the proof to where you’d like the attached 
file to be linked. 
? Select the file to be attached from your computer 
or network. 
? Select the colour and type of icon that will appear 
in the proof. Click OK. 
6. Drawing Markups Tools – for drawing 
shapes, lines and freeform annotations on 
proofs and commenting on these marks.
Allows shapes, lines and freeform annotations to be 
drawn on proofs and for comment to be made on 
these marks.  
 
 
 
 
How to use it 
?? Click on one of the shapes in the Drawing Markups 
section. 
?? Click on the proof at the relevant point and draw the 
selected shape with the cursor. 
?? To add a comment to the drawn shape, move the 
cursor over the shape until an arrowhead appears. 
?? Double click on the shape and type any text in the 
red box that appears. 
 
 
 
 
The relationship between dioptric power and magnification
in progressive addition lenses
Sergio Barbero and Javier Portilla1
Instituto de Optica (CSIC), Madrid, Spain2
Citation information: Barbero S, Portilla J. The relationship between dioptric power and magnification in progressive addition lenses. Ophthalmic
Physiol Opt 2016. doi: 10.1111/opo.12301
Keywords: dioptric blurring, dioptric matrix,
magnification, progressive addition lenses
Correspondence: Sergio Barbero
E-mail address: sergio.barbero@csic.es
Received: 12 February 2016; Accepted: 7 April
2016
Abstract
Purpose: Non-uniform magnification (distortion) and dioptric blur are two
major undesired optical defects affecting vision when looking through progressive
addition lenses (PALs) and studying them is potentially very valuable for PAL
design. The major purpose of this paper is to analyse the relationship between
dioptric power and magnification and, additionally, to evaluate the expected val-
ues of distortion and dioptric blur typically present in PALs. This has not been
carefully and rigorously analysed to date.
Methods: We computed the local dioptric and magnification matrices (using a
two-ray differential method) for different gaze directions in an archetypical model
of a PAL. We used four different maps: scalar magnification and anamorphic dis-
tortion, to describe magnification, and mean power and astigmatism, to describe
dioptric power.
Results: There is a good correlation between scalar magnification and mean
power on the one hand, and anamorphic distortion and astigmatism on the other
hand. Changes of 1 D in mean power are associated with variations in scalar mag-
nification of around 3%. Also, 3% of anamorphic distortion is associated with
increasing astigmatism up to 1 D. The directions of maximal power and maximal
magnification are quite similar, though not equal (differences up to  1.5°).
These directions strongly change from close to isotropic at the intermediate corri-
dor to around 45° of oblique inclination for a few degrees of horizontal eye rota-
tion. In typical PALs the level of distortion (non-uniform magnification), which
is unavoidably present when dioptric blurring appears, is small for usable vision
zones (below 1 D of astigmatism).
Conclusion: The combined analysis of dioptric power and magnification in PALs
helps to understand their limitations as a visual aid. On the one hand, the poten-
tials of including distortion magnitude as a target in the metric function being
optimised in the PAL design are reduced; on the other hand, it seems worthwhile
to explore adding the degradation orientation as an additional target.
Introduction
Progressive addition lenses (PALs) are a common solution
for presbyopic eyes and include different refractive pre-
scriptions for far, near and intermediate vision. In a PAL
the different power required by the eye, when looking at
distinct object locations, is supplied by an optical surface
whose mean curvature changes gradually along a region
called the intermediate vision corridor. Around this area
the PAL unavoidably introduces some undesired optical
effects: optical blurring (principally astigmatism), non-
uniform magnification (distortion) and image displace-
ment. The latter is due to prismatic error, i.e. the direction
change of the line of sight when viewing an object point
through the lenses. Although image displacement has been
reported to affect visual experience, for instance changing
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the vestibulo-ocular reflex,1 it will not be analysed in this
paper.
Although the visual system is more tolerant to distortion
than to blur (thanks to neural adaptation2), its relevance
has not yet been completely assessed. It has been reported
that visual alterations due to distortion are behind some
cases of PAL wearer discomfort,3 specifically through alter-
ations of space perception. These effects are more harmful
in dynamic than in static vision, because distortion may
affect postural balance4 or depth perception cues such as
motion parallax.5 Additionally, magnification changes may
explain the mobility problems associated with dynamic
vision in some older adults, which occasionally can cause
falls.6 Furthermore differences in magnification between
the eyes can affect binocular vision.7
These concerns have been raised by some ophthalmic
companies who have launched PAL designs tackling distor-
tion. For instance, the Varilux S SeriesTM lens (launched by
Essilor S.A.) was designed with the minimisation of
anamorphic distortion as a goal8; or patent EP0809126
where the design strategy is based on a metric considering
the difference in the mean magnification between the near
and far portions.9
However, unfortunately little information can be found
in the scientific literature about the amount of distortion
induced by PALs and its influence on vision. As identified
many years ago by Ogle in his classic Binocular Vision,7
there are few empirical studies on the tolerance to distor-
tion induced by ophthalmic lenses partly because it is very
difficult to quantify the tolerance to distortion isolated
from blurring: if one is present, so is the other. In order to
overcome this empirical limitation our approach in this
paper takes full advantage of computer simulations to make
a systematic study of the relationship between magnifica-
tion and dioptric power, as well as to evaluate the expected
values of distortion typically present in PALs.
We used methodology developed in a previous work by
ourselves,10 in which magnification and first order defocus
are locally characterised for each gaze direction by using
the dioptric and magnification matrices. From them, four
magnitudes are used to quantify dioptric blur and distor-
tion: mean power vs magnification, and astigmatism vs
anamorphic distortion, all of them as functions of eye rota-
tion angles. We stress the fact that the power magnitudes
measured with our method are those considering the wear-
er’s point of view and the whole geometry of the lenses, as
opposed to the surface power maps conventionally used in
the field. We recommend references11,12 for a detailed dis-
cussion of this issue. Additionally, defocus blur and magni-
fication ellipses (the latter were already proposed by Ogle7
as a visualisation tool) are used here to display the direc-
tions of maximum and minimum dioptric blurring and
magnification for each gaze direction.
Archetypical model of a progressive addition lens
Sheedy et al.13 argued that the so-called Alvarez surface is
an archetypical model of a progressive power surface:
uðx; yÞ ¼ Að
y3
3
þ yx2Þ ð1Þ
because it represents a surface containing an umbilical line
(y = 0) where astigmatism is zero and where the power
changes linearly in y. Following Sheedy we have adopted
the Alvarez surface in our PAL model, though not without
two warnings. First, modern PAL designs do not necessar-
ily contain an umbilical line; vision tolerates some amount
of cylinder, so relaxing the condition of zero astigmatism
at the corridor line helps reduce the astigmatism in its sur-
roundings. Second, as pointed out by Rubinstein,14 the
Alvarez surface power linear dependence is referred to a
local coordinate system (the z coordinate points along the
normal to the surface) in the corridor line. Rubinstein14
also proved that the Minkwitz theorem does not hold in
an absolute reference system for an Alvarez surface.
Besides these two facts, any serious current PAL design
involves free-form surface optimisation following sophisti-
cated algorithms (see for instance15 and references there).
Despite these concerns, the Alvarez surface is still an
appropriate model, because any PAL surface is similar to
an Alvarez surface close to the intermediate corridor. Fur-
thermore, an Alvarez model, which induces unrealistic
power errors when moving far from the corridor, is con-
venient for our purposes, because we are interested in
evaluating the relationship between dioptric power and
distortion for a wide range of values of both defects.
Our model comprises an Alvarez front progressive sur-
face and a spherical back surface. We used a thin lens
model. This does not mean that the effect of the non-pro-
gressive surface and the lens thickness is negligible, but just
that this approximation is sufficient to model the relation-
ship between magnification and dioptric power with differ-
ent power ranges. Typical PALs have a front progressive
lens –although some recent designs could have a progres-
sive back surface16 –and a spherical back surface called the
base curve. The base curve substantially affects the optical
performance of the PALs.12 Hence, we have explicitly anal-
ysed two different base curves. An extra parameter is
required: the distance from the back vertex of the lens to
the center of rotation of the eye, for which we assumed a
typical value of 27 mm.17
Menozzi et al. reported a tolerable range of 15° depar-
ture from the most comfortable gaze direction in the verti-
cal direction.18 Another study19 measured that for viewing
objects located further than 7° in the horizontal direction
the head starts moving. Using this information we
© 2016 The Authors Ophthalmic & Physiological Optics © 2016 The College of Optometrists2
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computed the dioptric and magnification matrices in an
optical window of 7° and from 0° to 15° in the horizon-
tal and vertical directions respectively.
When modelling dioptric power through PALs it is
important to simulate the optical vergence associated to
each object location. Here we follow a linear power law, i.e.
the power changes linearly with the vertical coordinate of
the PAL corridor. For each surface point the power equals
the viewing object vergence. Therefore, and considering
our PAL model, for each viewing object the vergence (Lo) is
calculated by obtaining the mean curvature of the Alvarez
surface (Equation 1): Lo (y) = 2Ay(n  1), where n is the
refractive index of the lens and A is the coefficient of
Alvarez surface. Figure 1 illustrates this model.
Computation of dioptric and magnification matrices
Traditionally, power errors and magnification have been
evaluated by using the paraxial approximation. Here we
use the concept of rotational magnification matrix which
evaluates the change in magnification associated with a
line of sight when using spectacles with respect to not
using them (see a full discussion elsewhere10). Within this
framework, in rotationally symmetric ophthalmic lenses,
there exists a formula relating the scalar spectacle magnifi-
cation with the spectacle lens power10,20: Nspec = 1/
(1dP), d being the distance from the spectacles to the
rotation center of the eye and P being the optical power of
the ophthalmic lens. However, this approximation is not
valid for large eye rotations (note that when the gaze
direction is not collinear to the normal of the surface at
the intersection point the power changes), and neither for
ophthalmic lenses without axial rotationally symmetry (ro-
tation of principal directions).21 A PAL element is a clear
example of it. For such cases a more sophisticated proce-
dure is required.21
In this paper we computed dioptric and magnification
matrices using a two-ray differential method proposed by
us elsewhere.10 This method provides a more accurate com-
putation as compared with the paraxial approximation. To
illustrate this, Figure 2 shows the difference between the
exact scalar magnification (percentage with respect to a ref-
erence value of 100%) and one computed with the paraxial
approximation for a test lens (test #8 is explained in next
section).
In this example we see that when the exact scalar magni-
fication is 14% the approximated magnification value
would be about 12%; the absolute error can be up to 2.2%
in the scalar magnification Errors in anamorphic magnifi-
cation are expected to be higher.
Finally we note that, all through this paper, astigmatism
means the difference between the two principal powers for
each gaze direction.
Tests
We assumed that the material of the lenses was CR-39
(refractive index 1.499). We modelled lenses with +1 D
Figure 1. Object vergence changes linearly as a function of vertical distance (y) from primary line of sight (horizontal line).
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power for far vision, although any other far vision prescrip-
tion could have been simulated. As mentioned above, the
selection of the base curve is relevant to PAL performance.
We used two different tests. First one (test #2) uses a very
flat base curve (2.0 D) and the other (test #8) a very steep
base curve (8.0 D).12
Power addition in PALs rarely exceeds 3.5 D. Conse-
quently, in order to analyse the complete range of powers
that could be found in PALs we modelled an Alvarez sur-
face with a maximum power around that value. This was
attained when A equals 0.0005 in the Alvarez equa-
tion (Equation 1).
Results
For tests #2 and #8, we evaluated the mean power vs the
mean magnification and the astigmatism vs the anamor-
phic distortion, both as functions of eye rotations. Figure 3
shows mean power (Figure 3a), astigmatism (Figure 3b),
scalar magnification (Figure 3c) and anamorphic distortion
(Figure 3d) as functions of eye rotations for test #2.
Mean power increases in a quasi-linear manner with ver-
tical eye rotation. As predicted by Minkwitz theorem,13 the
cylinder increases with eye rotation, almost double along
the horizontal direction as compared to power variation
along the vertical direction, specially along the x = 0 curve.
As shown in Figures 3b,d, a similar relationship can be
established between scalar magnification and anamorphic
distortion.
Figure 4 shows similar results to those of Figure 3, now
for test #8. However it is worth noting that both scalar
magnification and anamorphic distortion are slightly
higher in test #2 than in test #8. This is in agreement with
the fact that global distortion (in monofocal spectacles) is
reduced when using steeper base curves.22
The correlation between the geometrical entities associ-
ated with the magnification matrix and those of the diop-
tric matrix are studied in more detail in Figure 5, for the
example of test #2. Blue dots represent the computed scalar
and anamorphic magnification as function of mean power
and astigmatism respectively. These data were fitted to a
fourth order polynomial which is depicted as a red line.
We observe that there is a strong correlation between the
scalar magnification and the mean power; 1 D changes of
mean optical power was associated with changes in scalar
magnification of around 3%.
A coarse correlation can also be established between
astigmatism and anamorphic distortion with changes of
3% induced by cylinder errors up to 1 D. In reference10 we
evaluated the relationship between astigmatism and
anamorphic distortion in a highly asymmetric monofocal
lens. It presented differences between measured and fitted
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Figure 3. (a) Mean power (D) (b) Astigmatism (D) (c) Scalar magnification (d) Anamorphic distortion; as a function of eye rotations for test #2.
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astigmatism up to 0.04 D. Here we find also differences up
to 0.03 D. Additionally, as astigmatism increases, the dis-
persion of computed anamorphic distortion values with
respect to the fitted quantities also increases. This fact is
clearly seen in Figure 5b, but also indirectly in Figures 3b,d.
Whereas iso-contours in the astigmatism map are essen-
tially vertical lines, i.e. for a fixed horizontal eye rotation
the cylinder is quite similar, this is not the case for the iso-
contours of the anamorphic distortion map, which tilts
more from the vertical direction as the horizontal gaze
direction increases. This behaviour can be explained by the
following argument: the anamorphic distortion is more
sensitive than astigmatism to changes in the angle formed
between the incident ray and the normal of the surface at
the incident point. For a fixed horizontal eye rotation this
angle changes with the vertical eye rotation because of the
cubic component of the PAL surface. As a consequence, the
anamorphic distortion changes more rapidly than the astig-
matism.
Finally we evaluated the relationship between the direc-
tions of maximal dioptric blurring and maximal magnifica-
tion in PALs. An elliptical representation is shown in
Mean power (D)
X eye rotation (º)
(a)
Y 
ey
e 
ro
ta
tio
n 
(º)
−5 0 5
−10
−5
0
2
3
4
Astigmatism (D)
X eye rotation (º)
(b)
Y 
ey
e 
ro
ta
tio
n 
(º)
−5 0 5
−10
−5
0
1
2
3
Scalar magnification
X eye rotation (º)
(c)
Y 
ey
e 
ro
ta
tio
n 
(º)
−5 0 5
−10
−5
0
1.04
1.06
1.08
1.1
1.12
Anamorphic magnification
X eye rotation (º)
(d)
Y 
ey
e 
ro
ta
tio
n 
(º)
−5 0 5
−10
−5
0
0.02
0.04
0.06
0.08
0.1
Figure 4. (a) Mean power (D) (b) Astigmatism (D) (c) Scalar magnification (d) Anamorphic distortion; as a function of eye rotations for test #8.
1 2 3 4 5 61.02
1.04
1.06
1.08
1.1
1.12
1.14
1.16
1.18
Mean power (D)
(a)
Sc
al
ar
 m
ag
ni
fic
at
io
n
Data
Fitted curve
0 1 2 3 4 5
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
Astigmatism (D)
(b)
A
na
m
or
ph
ic
 d
ist
or
tio
n
Data
Fitted curve
Figure 5. (a) Scalar magnification as function of mean power (D) (b) Anamorphic distortion as a function of astigmatism (D); both graphs for test #2.
C
O
L
O
R
C
O
L
O
R
© 2016 The Authors Ophthalmic & Physiological Optics © 2016 The College of Optometrists 5
S Barbero and J Portilla Power & magnification in PALs
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
Figure 6. As seen in10 the directions of maximal blurring
and maximal magnification are quite similar, but not iden-
tical (differences up to 1.5°).
Discussion
Experimental studies with instant vision (not giving time
for brain adaptation) have shown that an average eye may
be able to discriminate 2–4% scalar magnification differ-
ences7 (p. 231); including stereoscopic binocularity, the dis-
crimination threshold could be reduced to 0.25%7 (p. 235).
However, zones below 1 D of astigmatism at the intermedi-
ate viewing area of the PAL are said to provide usable
vision,23 which means that those parts of the lens which
induce a higher astigmatic blur are not used by the eye
because images seen through them are too degraded. Our
simulations prove that distortion, due to both non-uniform
scalar magnification and anamorphic distortion, reaches
moderate values inside this <1 D astigmatism PAL area
(below 3%). Thus, distortion could be unnoticeable even
without brain adaptation. This fact, in combination with
the well-known better neural adaption to distortion as
compared to blurring, would eventually explain why distor-
tion is not as critical to PAL wearers as blurring. This con-
clusion is particularly relevant for PAL designers, because it
somewhat lowers the expectations raised recently (as men-
tioned in the introduction) on the relative importance of
distortion correction in PAL design.
However, we must warn that in this paper we have only
analysed the local magnification associated with each gaze
direction; that is, the distortion seen when we rotate
our eye to look through different parts of the lens. If
extra-foveal vision were to be included in the model, then
global magnification, which provides a general description
of the one-to-one mapping between ray direction incidents
into the eye with and without spectacles (see full discussion
elsewhere10), should be also considered.
The degradation orientation (direction of maximal
degradation) both, for dioptric blurring and distortion, is
also expected to be a relevant parameter in visual perfor-
mance. Indeed, the role of blur orientation on visual per-
formance has been recently addressed using adaptive
optics.24 It has been shown that the loss of visual acuity due
to induced astigmatism depends on the direction of maxi-
mal blurring. For example, for subjects without astigma-
tism, blurring in the vertical meridian is less harmful than
in the horizontal one.24 However, to our knowledge, the
same type of analysis concerning the visual impact of the
direction of maximal distortion has not yet been tackled.
As shown in this study, PALs strongly change the direction
of maximum degradation, from close to isotropic at the
intermediate corridor to around 45° of oblique inclina-
tion for a few degrees of horizontal eye rotation. Consider-
ing all this, we think that the optical designer may consider
including the degradation orientation as a goal in the met-
ric function being optimised in PAL design.
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